Permanent transformations in populations of microorganisms are most frequently brought about by environmental selection of randomly occurring mu-tants. Changes that can be environmentally induced in all or most cells of a population and retained in environments that are non-inducing have also been reported. One instance is the alteration in serotype of protozoa such as paramecium, occasioned by a variety of treatments (1, 11, 12 
Permanent transformations in populations of microorganisms are most frequently brought about by environmental selection of randomly occurring mu- tants. Changes that can be environmentally induced in all or most cells of a population and retained in environments that are non-inducing have also been reported. One instance is the alteration in serotype of protozoa such as paramecium, occasioned by a variety of treatments (1, 11, 12) . Examples of bacterial resistance to drugs and other chemicals have recently been discussed in a symposium on adaptation in microorganisms (5) . The precise biochemical mechanisms for these transformations are obscure, but there is general agreement that they involve shifts to new, heritable, steady state levels of cytoplasmic metabolic pathways within the genetic framework of the cell. In terms of known biochemical events, the clearest example of induction and maintenance of a new steady state is that of the adaptive ,8-galactoside enzyme system in populations of Escherichia coli.
Cells induced to synthesize the ,8-galactoside permease and enzyme, when transferred to a new situation under which the parent phenotype remains nonindluced, will maintain their adaptation indefinitely (2, 3, 4, 9) . In these experiments, however, traces of the inducing agent were necessary in order for the maintenance effect to continue.
Earlier work with Chlorella vuilgaris (15) indicated that populations of this organism were able to adapt to the presence of the antimetabolite selenomethionine, and that the change, despite two subcultures (approx 20 generations), was maintained in medium free of the analogue. This adaptation has now been studied in greater detail. The present paper will describe the morphological events that occur during the adaptation as well as evidence that a transformation of all cells takes place rather than a selection of mutants. The following paper (17) will give data to show that the transformation can be IReceived August 1, 1960. plete absence of the analogue and that reversal to sensitivity can be attained by specific physiological treatments.
MATERIALS & METHODS
The strain of Chlorcila vidigaris B. used (14) , the coniposition and preparation of liquid media, the preparation of inocula, and the counting technique have been described earlier (14) . Cultural The histograms of figure 1 fail to show giant cells during the late stages of the growth curve. These cells were nonetheless present but in such low frequency that the probability of their being counted among the 100 cells in the hemacytometer field was exceedingly slight. The separate counts made for giant cells are illustrated in the lower curves of figure 2. The giants increased and appear to have remained at a number approximately half the total population density that was maintained during the HYSIOLOGY uncoupled growth period, even at the lowest concentration of selenomethionine. One might conclude, on the basis of the fairly uniform giant count throughout most of the uncoupled phase as well as during the later stages of the growrth curve, that a cell, once it enlarged, remained so; the resumlptioin in divisions, therefore, would have had to stem fronm the normlal-sized cells. This interpretation is belied, however, by the observation that the number of giants with autospores rose significantly during the acceleration and exponential phases, and then dropped during the stationary phase (fig 3) progress to determine the extent of adaptation and the frequency with which these colonies occur.
DISCUSSION
A number of arguments can be mustered to show that adaptation of Chlorella vulgaris populations to selenomethionine in liquid media involves a transformation of each cell rather than selection of mutants from the inoculum. Most convincing are the data of the plating experiments. Over a wide range of inoculum sizes, the colonies that eventually develop in the presence of selenomethionine are equal in number to the colonies that appear in control plates. Moreover, under the microscope each cell can be seen to undergo a period of enlargement before the resumption of divisions which lead to colonies. Thus, the possibility that visible colonies were derived from mutants that arose in microcolonies (13) is eliminated. The resulting colonies of Chlorella vulgaris are morphologically indistinguishable from untreated colonies, and some are maximally resistant to selenomethionine after a single plating in its presence.
It should be mentioned that ever since the inception of these experiments, a total of approximately 6.5 to 7.0 X 107 cells has been plated in the presence of selenomethionine, and, except at extremely high cell densities or highly diluted concentrations of the analogue, never have colonies appeared at the same time as the untreated controls. Mutants, completely resistant to any one concentration of selenomethionine, if they exist, would therefore be of very low frequency.
In liquid culture, the fact that the duration of uncoupled growth is controlled by the concentration of selenomethionine may also be cited as evidence for a mass adaptation. Were these effects due to selection of mutants there would have had to exist a graded series, those with the least resistance being present in the largest numbers. The apparent limit to the duration of uncoupled growth in liquid culture, as the selenomethionine was increased, may represent the permeability bounds of the cells toward the analogue molecule under these growth conditions.
Another sign that each cell in liquid culture can adapt is the increased number of giants with daughters at the time that the culture resumes multiplication. The persistence of giants through the stationary phase, however, seems to contradict this interpretation. The apparent inconsistency can be resolved by taking into consideration the heterogeneous response of the cells to selenomethionine, as seen from the plating experiments as well as from the non-synchronized cell enlargement in liquid culture. Concomitant with the enlargement of about 50 % of the inoculum cells in liquid media, and during the subsequent exponential increase in cell number, the smaller cells undoubtedly also enlarge, but by the time they reach a biochemical state favorable for division, the medium has aged as a result of cellular activities so that the later-formed giants remain enlarged. On agar plates of low cell density aging of the medium due to cellular activities is not a problem, and all cells can enlarge, then divide and develop into colonies. In crowded plates, however, aging of the medium is a factor to be considered and probably accounts for the persistence of enlarged, single cells after most of the cells have multiplied into colonies. The heterogeneous response in both liquid and solid media indicates a mixture of inoculum cells of varying susceptibility to selenomethionine, with some cells able to develop into giants sooner than others. The existence of a sequential cycle of developmental stages, each distinguished by its morphological, physiological, and biochemical features, has recently been established by Hase and coworkers (6, 7) in another species, Chlorella ellipsoidea. Such a cycle may exist in Chlorella vulgaris and account for the heterogeneous response. On the other hand each cell, regardless of the stage at which it is first exposed to selenomethionine, could differ in its susceptibility.
There seems also to be a non-uniform transmission of the adaptation to the progeny, for enlarged cells continued to develop in liquid media even after the extended phase of uncoupled growth had been PLANT PHYSIOLOGY eliminated by subculture with the growth uncoupling agent. Table II shows that during each subculture, giants increased 100 to several thousand times over the number of giants originally present in the inoculunm. The gradual decline in frequency of giants may mean that, whatever the mechanism of transmissioIn, the adaptation was "built" into the cells during the nine serial passages, so that fewer and fewer susceptible cells eventually arose. An irregular (listribution of the adaptive mechanism may also be inferred from the fact that the autospores within the giants frequently were unequal in size. If this is the situation then some of the giants that remained during the stationary phase of one-time adapted cultures may have arisen secondarily from daughter cells derived from the original enlarged inoculum cells.
Population changes in many respects similar to the ones described here have been reported for A nkistrodesimus bran niii during adaptation to rubidium (8, 10 Adaptation of Chlorella vulgaris populations to selenomethionine manifests itself as a resistance to the growth uncoupling effect of the antimetabolite. Whereas initial exposure to the antimetabolite inhibits division but allows cell growth to proceed, adapted populations will divide in the presence of the analogue without the extended period of this uncoupled growth. All cells in the population have been shown capable of the change from sensitivity to resistance (27).
The present paper will show that the transformation was retained despite 220 generations in the complete IReceived November 11, 1960. 2 This investigation was supported in part by a National Science Foundation Grant 5968. 3 Pre,sented at the Pacific Slope Biochemical Conference, University of California, Davis, September 8, 1960. 4 Present address: Kaiser Foundation Research Institute, S. 14th St. and Cutting Blvd., Richmond, Cal. absence of the amino acid analogue. Reversal to sensitivity, however, could be achieved by means of three specific environmental treatments, performed in line with the hypothesis that the adaptive mechanism involves induction of a new steady state level of the enzyme pathway leading from sulfate to methionine.
MATERIALS & METHODS
Methods for the culture and growth measurements of Chlorella vulgaris have been described in other papers (24, 26). The general protocol of the subcultures described in this paper is shown in table I. Inoculum sizes were kept at 2.0 X 105 cells/ml, and growth and division in most instances were allowed to continue until the deceleration or stationary phases of the growth curve had been reached. During this interval a 1,000-fold increase in cell number normally occurred, the equivalent of about ten generations.
